We present our recent work on high-speed optical interconnects with advanced modulation formats and directly modulated 850 nm VCSELs. Data transmission at nearly 100 Gbps was achieved with 4-PAM. Forward error correction, equalization and preemphasis are also explored. The system aspects of the advanced modulation formats and their impact on the VCSEL requirements are discussed. Requirements on the optical output power, frequency response and the relative intensity noise are discussed. Finally, co-optimization of the VCSELs and VCSEL driver amplifiers in CMOS and InP technologies is discussed.
INTRODUCTION
Short range optical links, such as in datacenters and supercomputers commonly use directly modulated vertical cavity surface emitting lasers (VCSELs), operating at the wavelength of 850 nm. The typical transmission medium is multimode fiber (MMF). While it has a limited bandwidth distance product due to modal and chromatic dispersion, the large core diameter results in a large alignment tolerance and consequently helps keep the transceiver cost low. Data in such a link is transmitted using intensity modulation and direct detection (IM/DD), which means that simple photodiodes can be used in the receiver.
VCSELs offer several unique advantages, which made them popular in datacom applications. They are energy efficient, energy dissipation of 73 fJ/bit at 40 Gbps and 95 fJ/bit at 50 Gbps reported in 1. Even lower energy dissipation of 56 fJ/bit at 25 Gbps was reported in 2. The VCSELs can also be directly modulated at very high data rates, demonstrated at as high as 57 Gbps using on-off keying (OOK) without equalization 3 and 71 Gbps using OOK with transmitter and reciever equalization. 4 The need for short-reach optical interconnects operating at 100 Gbps and above has resulted in significant research and development efforts. 5 At the moment, it appears that the most practical way of achieving 100 Gbps data rate in a single link is to use multilevel modulation. There are many possible multi-level modulation formats which can be used in IM/DD links, which can be roughly categorized into two classes -subcarrier and pulse amplitude modulation. Subcarrier modulation techniques use one or more, possibly orthogonal subcarriers, each of which can be modulated. The advantage of multiple subcarrier formats is that adaptable bit loading can be used, to maximally exploit the channel frequency response. 6, 7 The disadvantages are required signal processing complexity and high optical power requirements. Therefore, pulse amplitude modulation has attracted a significant attention and is currently being standardized for the next generation of Ethernet.
8 A combination of 4-PAM, duobinary signaling and forward error correction (FEC) has allowed a data rate of 112 Gbps (minus the FEC overhead) with an 850 nm VCSEL, 9 later improved to 150 Gbps. 10 The highest reported data rate with 4-PAM without FEC and without equalization using an 850 nm VCSEL is 60 Gbps.
11 With receiver equalization and FEC, 70 Gbps was achieved with 4-PAM, 12 and later improved to nearly 100 Gbps. 13 In 14 71.8 Gbps 4-PAM with transmitter pre-emphasis only and low overhead FEC was reported. Maximul likelihood sequence estimation has allowed a data rate of 112 Gbps for 4-PAM in a link with bandwidth limited by a 22 GHz photoreceiver. 15 High data rates with 4-PAM were reported in 1550 nm systems, e.g. in 16 where 112 Gbps 4-PAM transmission was demonstrated using a 30 GHz Mach-Zehnder modulator (MZM) driven directly by a custom 4-PAM circuit. Further, 214 Gbps 4-PAM was shown using an electro-absorption modulator with more than 50 GHz modulation bandwidth integrated with a distributed feedback laser. 17 In both cases use of FEC was necessary, and in the latter case also an off-line equalizer with up to 21 taps.
Multilevel PAM was used also to improve the transmission reach in the MMF. 4-PAM transmission over up to 200 m of OM4+ MMF at 50 Gbps data rate was demonstrated using an 850 nm VCSEL. 18, 19 In 20, 104 Gbps transmission over 50 m was demonstrated using two wavelengths, 850 nm and 880 nm, carrying a 52 Gbps 4-PAM signal each.
Multilevel PAM presents a set of unique challenges in link, VCSEL and driver design. In this paper we present some of our findings about how to achieve high 4-PAM data rate transmission with VCSELs, and what are the implications of 4-PAM on the design of the VCSEL itself.
DATA TRANSMISSION WITH 4-PAM AND VCSELS
Four-level PAM can be seen as an extension of OOK, with four levels instead of two, with each level carrying two data bits. The levels can be mapped to bits using natural or Gray labeling, with bit labels arranged so that the adjacent level labels differ by one bit only. In a link with the same signal to noise ratio (SNR) 4-PAM at the same symbol rate as OOK will require 4.8 dB more average received optical power, compared to OOK. Consequently, it is a lot harder to close the link budget with 4-PAM, and the margins for various power penalties due to e.g. the inter-symbol interference (ISI) and relative intensity noise (RIN) are much lower. Another factor to take into account is the eye safety constraint at the 850 nm wavelength, which limits the transmitted optical power to around 0 dBm.
Investigation of the performance of 4-PAM under ISI, [21] [22] [23] has shown that at a fixed symbol rate and channel rise time the ISI penalty for 4-PAM is twice as large as for OOK. Fig. 1 illustrates the theoretical sensitivity penalties for OOK, 4-PAM and also 8-PAM at the same symbol rate, as a function of the ratio of the data rate and the channel bandwidth. The sensitivity penalties for 8-PAM become very high, and it is very challenging to achieve high data rate transmission with 4-PAM. In the same unequalized link we have succeeded with 60 Gbps error free 4-PAM transmission, 11 but only with 56 Gbps 8-PAM with bit error ratio (BER) requiring forward error correction. The highest data rate which we have managed to achieve with our VCSELs to date is 94 Gbps. It was achieved using transmitter pre-emphasis, receiver equalization and forward error correction.
13 Fig. 2 shows the measured frequency response of the VCSEL based link, the pre-emphasis equalizer and their combination, as well as the BER as a function of the received optical power. Around 3 dBm received optical power is needed to achieve error free (post-FEC) transmission. The sensitivity could be improved, however, with better quality of the electrical signal driving the VCSEL. Nevertheless, VCSEL capable of operation at high optical output power are needed for 4-PAM operation. It may present a challenge for reduction of the transceiver energy consumption. Another important consideration is the extinction ratio. Higher extinction ratio translates to lower average optical power for the same optical modulation amplitude (OMA), but it causes a larger time skew between the levels.
The signal is affected not only by the bandwidth, but also by the shape of the frequency response of the VCSEL. A pronounced resonance peak will result in an overshoot and close the eyes of the 4-PAM signal.
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While the effect on OOK would be mainly an increase of the jitter, in case of 4-PAM it will severely degrade the signal, to the point where no data transmission will possible. Moreover, equalization of a channel with a peaky frequency response is difficult, and requires longer filters to accurately resolve the peak in the frequency domain.
The shape of the frequency response of a VCSEL is affected by the photon lifetime. A reduced photon lifetime leads to an increase of the slope efficiency, increasing the optical modulation amplitude, but reducing the photon density and damping of the modulation response. 25, 26 The effect of the damping and the VCSEL frequency response on the 4-PAM signal quality is illustrated in Fig. 3 Another important parameter for multilevel data transmission is the relative intensity noise (RIN). The These results should be treated as upper bounds on maximum allowed RIN, because in practice the presence of other penalties means that higher received optical power levels will be necessary, and consequently RIN will be more pronounced. An experimental measurement of the power penalties due to RIN was shown in 27.
VCSEL ENERGY CONSUMPTION AND MULTILEVEL MODULATION
The next generation of links with multi-level modulation will require more transmitted OMA to close the link budgets. Therefore, it is relevant to look at the energy consumption per bit in a VCSEL in relation to the required output OMA. Previous reports of record low energy per bit in 850 nm VCSELs have focused mainly on VCSELs with small aperture diameters. 2, [28] [29] [30] This is a natural consequence of the fact that VCSELs with small apertures have low threshold currents and higher resonance bandwidths at a given bias current. This leads to a comparatively large modulation bandwidth at low bias currents, which is naturally highly desired. On the other hand, the small aperture VCSELs tend to have low maximum power output and high impedance.
We have compared energy consumption per bit for four VCSELs of the same design (implying the same differential gain and photon lifetime) but with oxide apertures of 6, 8, 10 and 12 µm. The detailed results are presented in 31. We have demonstrated, that at a constant extinction ratio the energy to data ratio (EDR) in high-speed VCSELs is depended on the required OMA. An example of experimentally measured EDR at an extinction ratio of 6 dB is shown in Fig. 5a . The oxide aperture size affects primarily the modulation bandwidth, as illustrated in Fig. 5b . When the extinction ratio is kept constant, VCSELs with smaller aperture diameters can achieve higher modulation bandwidths at lower OMA and bias current. On the other hand, the decrease in the oxide aperture diameter causes an increase of the VCSEL impedance. The two effects counteract each other, and the EDR becomes primarily a function of the OMA.
DRIVER DESIGN FOR HIGH-SPEED MULTILEVEL VCSEL OPERATION
There are various semiconductor technologies which may be used for implementations of PAM-4 drivers at 100 Gbps and beyond, such as 28 nm CMOS, 32 0.18 µm SiGe BiCMOS, 16 0.7 µm InP DHBT, 33 and 0.5 µm InP HBT.
34 Therefore, the driver performance is not likely to be the limiting factor for the maximum achievable optical transmission data rate. It is rather the bandwidths of the VCSEL and the photoreceiver that define the limit.
Taking advantage of the 0.25 µm InP technology, we have designed an energy efficient multilevel PAM (2-, 4-, 8-PAM) driver, hybrid-integrated with an in-house fabricated 850 nm VCSEL. The driver supports 100 Gbps at an energy consumption lower than 2 pJ/bit. Due to a limited optical power budget, the performance of the PAM transmitter is verified with PAM-4 modulation in a short optical link using a commercial photoreceiver. Error-free (BER < 10 −12 ) PAM-4 transmission at 56 Gbps is demonstrated. This transmitter with integrated driver outperforms previous high-speed PAM-4 VCSEL transmitters in both operational data rate and energy Fig. 6b . The driver has three input bits (B 0 to B 2 ), each input passing through a limiting amplifier, followed by a data-controlled switch connected to a tunable current source. The switches control the current flow from three current sources (I b0 to I b2 ) to the current sum network. In this design, all three current sources can be adjusted independently using analog voltages and the driver input bits can be coupled using different weights for multilevel waveform generation. The amplitude at each output level is tunable. The limiting amplifiers have single-ended inputs and all other blocks are differential. The VCSEL can be driven differentially by connecting the driver differential outputs to the cathode and anode of the VCSEL. Alternatively, the VCSEL can be driven single-ended by terminating one of the differential outputs of the driver. A 56 Gbps 4-PAM electrical signal at the output of the driver is shown in Fig. 7a . The corresponding optical signal is shown in Fig. 7b . The BER results achieved in a back-to-back test of a transmitter are shown in Fig. 8 . It is noteworthy, that error free transmission with 4-PAM is achieved at 56 Gbps at a received power level of −5 dBm.
SUMMARY
We have demonstrated high data rate transmission using VCSELs and multilevel modulation, using both in-house VCSELs and driver amplifiers. Multilevel modulation presents however a set of unique challenges for VCSELs. No only the −3 dB bandwidth but also flatness of the frequency response become important. The amplitude dependent phase shift of the VCSEL output is also challenge in transceiver design. Sensitivity penalty due to multilevel modulation means that the link budgets shrink, and therefore it is necessary to maintain output power levels close to eye safety margins, as well as high extinction ratios, which again negatively affect the linearity. Multilevel modulation formats, such as PAM are also sensitive to RIN. Fortunately, reduced RIN and improved flatness of the frequency response can be achieved together, because they are dependent on the photon lifetime.
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